One sentence summary: Citrobacter sp. YC4 rapidly degraded TNT and the degradation products displayed significant reduced cytotoxic potential. Editor: Sergio Casella ABSTRACT Trinitrotoluene (TNT) is an explosive chemical generally used for military, civil and industrial purposes. Therefore, TNT residue can be found in soil and ground water as an environmental pollutant. The environmental control of TNT pollution has become a critical issue because of its potential toxicity and carcinogenicity. The aim of this study is to evaluate the cyto-toxicological effects of TNT after bioremediation. Citrobacter sp. YC4 is able to utilize TNT as a sole nitrogen source. Citrobacter sp. YC4 cells grown in medium with TNT as the sole nitrogen source (TNT-N) were able to rapidly degrade TNT, in contrast to cells grown in Luria Bertani medium as determined by resting cell suspension. The concentration of TNT decreased from 100 to 0 ppm within 10 h in the solution containing TNT mixed with TNT-N-grown YC4. The cytotoxicity of TNT and its degradation products generated by TNT-N-grown YC4 were assessed by WST-1-based cell cytotoxicity assays. Our results showed that the cytotoxic potential of solutions containing TNT decreased almost to the level of the control after a 1-h incubation with TNT-N-grown YC4 cells. The rapid conversion of TNT into possibly less toxic products by Citrobacter sp. YC4 proposes a bioremediation prospection.
INTRODUCTION
Nitroaromatic compounds such as nitrobenzene, nitrotoluene or nitrophenol are extensively used in industry and can be released into the soil and ground water and cause pollution (HommaTakeda et al. 2002; Kivisaar 2009 ). The toxicity, carcinogenicity and persistence of these compounds pose a great threat to human health (Padda et al. 2003; Ju and Parales 2010; Rocheleau et al. 2010) . Among the nitroaromatic compounds, trinitrotoluene (TNT) is a commonly used secondary explosive for military, industrial and civil purposes worldwide (Ryu et al. 2007; Ayoub et al. 2010; Stenuit and Agathos 2010) . Because of the recalcitrant and toxic properties of TNT and its harmful effects on the environment and human health, remediation of TNT contamination is often required (Park, In and Namkoong 2012) . Among the numerous remediation strategies, microbial bioremediation is considered a cost-effective and environmentally friendly method. Although only few bacteria that can utilize TNT as a sole carbon and energy source have been isolated and reported (Montpas et al. 1997; Lee et al. 2002; Chien et al. 2014; Kao et al. 2016) , a variety of microbes can utilize the nitrogen of TNT for growth, even when unable to grow at the compound's expense as a carbon and energy source and unable to completely degrade TNT (Caballero et al. 2005; González-Pérez et al. 2007; Wittich, Ramos and van Dillewijn 2009; Zou, Lu and Liu 2012; Gumuscu and Tekinay 2013) . It would be useful to evaluate whether the metabolic intermediates produced by these microorganisms are less toxic than TNT in a risk assessment of TNT biodegradation.
Citrobacter sp. YC4, a bacterium that can grow in a minimal medium with TNT as the sole source of nitrogen was isolated from soil contaminated with TNT and was used in the present study (Kao et al. 2016) . The special ability of rapid degradation of TNT by Citrobacter sp. YC4 may make the bacterium a good candidate for application in TNT bioremediation. To assess this possibility, we investigated the degradation of TNT by Citrobacter sp. YC4 and the cytotoxic potential of the metabolites produced during the biodegradation of TNT.
MATERIALS AND METHODS

Bacterial strain cultivation
Citrobacter sp. YC4 was routinely cultivated in TNT-N mineral salt medium (TNT-N medium) as described (Kao et al. 2016) . The TNT-N medium contained K 2 HPO 4 (7 g/L), KH 2 PO 4 (3 g/L), MgSO 4 ·7H 2 O (0.1 g/L), NaCl (0.1 g/L), Na 2 SO 4 (0.25 g/L), glucose (20 g/L) and TNT (0.1 g/L) as a sole source of nitrogen. Luria Bertani (LB) medium (BD DifcoTM, BD Diagnostics, Spark, MD, USA) and mineral salt medium containing NH 4 Cl instead of TNT (NH 4 Cl-N medium) were also used to assess the ability of cells grown in different media to transform TNT. The media were adjusted to pH 7.0 during the cultivation and experiments. Cells were grown aerobically in a 250-mL Erlenmeyer flask containing 50 mL of medium and incubated at 37
• C with shaking. The highest purity chemicals available from SIGMA Chemical and ALDRICH Chemical were employed in these experiments.
Degradation of TNT by resting cells and cell extracts of Citrobacter sp. YC4
Cells of Citrobacter sp. YC4 were grown aerobically in NH 4 Cl-N medium, TNT-N medium and LB medium to the mid-exponential phase as determined by measuring optical density at 600 nm (OD 600 ). Cells were grown to an OD 600 of ∼0.25 for TNT-N-grown cells and 0.5 for NH 4 Cl-N-and LB-grown cells. The mid-exponential-phase cells were then collected and centrifuged, and the pellets were washed three times with phosphate-buffered saline (PBS, pH 7.0) before the resuspended pellets were transferred to flasks containing PBS (pH 7.0) with 120 ppm TNT. The amount of cells in the suspensions was adjusted to OD 600 = 1. At successive time intervals, cells were removed from 1-mL samples by centrifugation (12 000× g for 2 min at room temperature), and supernatants of the samples were analyzed using high-performance liquid chromatography (HPLC) for the degradation of TNT as described below.
Preparation of crude cell extracts
Cells were grown with different media to mid-exponential phase and harvested by centrifugation. Cells were resuspended, washed three times with PBS (pH 7.0), resuspended in 20 mL PBS and lysed in a French pressure cell at 1000 psi. After centrifugation at 12 000× g twice, the extract supernatants were collected, and the protein content of the extracts was measured by the Bradford protein assay with bovine serum albumin as the standard (Bradford 1976 ).
Assessment of TNT degradation by crude cell extracts
Crude cell extracts of Citrobacter sp. YC4 were prepared from cells grown in NH 4 Cl-N medium, TNT-N medium and LB medium. To assess degradation of TNT by crude cell extracts, the reaction system (per ml) contained 30 ppm TNT in PBS (pH 7.0) and cell extracts with 500 μg protein. The reactions were incubated at 37
• C, a 1-ml aliquot was sampled every 2 h, and proteins were then inactivated by heat (90 • C for 3 min). The reaction mixtures were then passed through 0.22-μm filters after centrifugation at 12 000× g for 2 min before they were subjected to analysis of TNT residue by HPLC. Reaction mixtures without cell extracts and with boiled cell extracts were used as controls.
Analysis of TNT concentrations
The concentration of TNT in the solution was determined by HPLC (Hitachi L-2130, Hitachi High-Technologies Corporation, Japan) using a Thermo Acclaim Explosives E2 column (5 mm, 4.6 × 250 mm, Thermo Fisher Scientific, PA, USA) with an ultraviolet-visible (UV-Vis) detector according to US Environmental Protection Agency (EPA) method 8330A. The detailed analytic method was performed as described by Kao et al. (2016) .
Cytotoxicity assay
HepG2 (BCRC 60364; human hepatocellular liver carcinoma cell line) and 3T3 (BCRC 60008; mouse fibroblast cell line) were obtained from Bioresource Collection and Research Centre, Food Industry Research and Development Institute (Taiwan) and were used for evaluation of the cytotoxicity of TNT and its metabolic derivatives. The cells were cultured in Dulbecco's modified eagle medium added with 10% (v/v) fetal bovine serum and 0.1 mM non-essential amino acids and incubated in an incubator with 5% (v/v) CO 2 at 37 • C. The culture medium was discarded and replaced with fresh medium every 2-3 days. The in vitro cell viability was assayed using a colorimetric WST-1 assay. Cells were seeded into 96-well plates (Flat Bottom Costar, Corning, NY, USA) at a density of 5 × 10 4 cells per well for HepG2 and 3T3. Culture media containing TNT at various final concentrations (5, 7.5, 10, 15 and 20 ppm) were added to the plates, and cells were incubated in 5% (v/v) CO 2 and 95% (v/v) humidified air at 37
• C, for 24 and 48 h. Plates containing non-treated cells in culture media without TNT served as controls. After the incubation, the cells were gently washed with PBS (pH 7.4) three times, and then 1 ml of fresh culture medium containing 10% (v/v) WST-1 reagent was added to each well. The plate was incubated in an incubator with 5% (v/v) CO 2 at 37 • C for 3 h and the optical absorbances at 450
and 600 nm (used as a reference wavelength) were measured using a Multiskan GO Microplate Spectrophotometer (Thermo Scientific, USA).
To evaluate the cytotoxicity of TNT degradation products by Citrobacter sp. YC4, supernatant aliquots (adjusted to contain 20 ppm TNT as a starting concentration) containing TNT degradation products from resting cell experiments were added instead of TNT in cytotoxicity assays as described above. 
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Statistical Analysis
All experiments in this study were repeated three times and compared by one-way ANOVA using all pairwise multiple comparison procedures (Student-Newman-Keuls method) in Microsoft Excel. A P-value < 0.05 marked as ' * ' represents a statistically significant difference.
RESULTS AND DISCUSSION
Degradation of TNT by resting cells of Citrobacter sp. YC4
Washed Citrobacter sp. YC4 cells pregrown in NH 4 Cl-N medium, TNT-N medium and LB medium all exhibited the ability to degrade TNT. However, cells pregrown with TNT-N medium showed a greater rate of TNT degradation compared to cells pregrown in LB medium or NH 4 Cl-N medium (Fig. 1) . Only ∼50% and 70% of TNT were degraded by resting cells pregrown in LB medium and NH 4 Cl-N medium, respectively, compared to that of cells pregrown in TNT-N medium (Fig. 1) . The results suggest that biotransformation of TNT by Citrobacter sp. YC4 is not a TNT-inducible trait. However, increased activity for biotransformation of TNT is apparent in this bacterium. The degradation products of TNT by resting cells of Citrobacter sp. YC4 were quantified by HPLC as shown in Fig. 2 .
TNT degradation by crude cell extracts of Citrobacter sp. YC4
Degradation of TNT by cell extracts of Citrobacter sp. YC4 exhibited similar results as observed in resting cells. Observations of TNT biotransformation by cell extracts indicated that this reaction was carried out by enzymatic activity. The TNT degradation rates by crude cell extracts prepared from cells grown in LB medium and in NH 4 Cl-N medium were only ∼50% when compared to the degradation rate by extracts prepared from cells grown in TNT-N medium (P < 0.05) (Fig. 3) . The degradation rates of TNT were 23.49, 12.08 and 10.06 ppm TNT/h mg protein by cell extracts prepared from cells grown in TNT-N medium, NH 4 Cl-N medium and LB medium, respectively.
Cytotoxicity evaluation of TNT and its metabolites produced during biodegradation
The cytotoxic potentials of TNT at different concentrations were evaluated by WST-1 in vitro cytotoxicity assays against the two cell lines, 3T3 and HepG2. According to the results of the WST-1 assays, TNT showed a concentration-dependent inhibition of cellular proliferative activity on both cell lines (Fig. 4) . The maximum inhibition effect was observed at concentrations of ∼15 ppm. Although TNT could not be completely degraded or mineralized by Citrobacter sp. YC4 to CO 2 and H 2 O, reduced cytotoxic potential of the degradation products was apparent in WST-1 assays. The cellular viabilities of both cell lines were significantly inhibited by initial concentrations of TNT (100 ppm) in the resting cell experiments, but the cytotoxic potential was quickly reduced to the level of the control after a 1-h incubation (Fig. 5) . Evaluation of cell viability and proliferation can be used as a fundamental technique to assess the biological reactions of cells to outside stimuli. Although TNT cannot be completely degraded to CO 2 and H 2 O by Citrobacter sp. YC4, the evidence of this bacterium's ability to reduce TNT cytotoxicity indicates the bioremediation potential of this strain.
The toxicological potential of TNT and its degradation intermediates have been studied and the diverseness of the toxicities were noted using different bioassays and bioindicator organisms (Dodard et al. 2013; Khan, Lee and Park 2013) . Biotransformation products of TNT have been reported to be more, as or less toxic than the parental compound TNT on the receptor organisms (Liang et al. 2017) . For example, the metabolites of TNT were supposed to be less toxic than TNT according to Chinese Hamster Ovary mutation assays, the microalgae (Ulva fasciata) system and by using invertebrates Hyalella azteca, Dinophilus gyrociliatus and Mysidopsis bahia Nipper 2000, 2003; Kennel et al. 2000; Sims and Steevens 2008; Khan, Lee and Park 2013; Liang et al. 2017) . Tadpoles from frogs of the genus Rana also showed extreme sensitivity to TNT chronic exposure (Paden et al. 2011; Stanley et al. 2015) . On the other hand, TNT exhibited less toxicity compared to its metabolic intermediates based on reproductive toxicities (Karnjanapiboonwong et al. 2009) . A recent study also suggested the toxicity of the degradation products of TNT from Citrobacter youngae E4 to the aquatic invertebrate Tigriopus japonicas was increased (Liang et al. 2017) . In the present study, we demonstrated that Citrobacter sp. YC4 could also transform TNT, and apparent reduction of cytotoxicity was observed by WST-1 assays using both HepG2 and 3T3 cell lines. Although partial degradation of TNT could result in a decrease in cytotoxicity, complete transformation or biodegradation of TNT to non-toxic compounds should still be emphasized for the bioremediation scheme.
Owing to its recalcitrant nature, TNT is hard to break down and degrade completely within a short period of time by any microorganism. However, biotransformation of TNT could be rapidly carried out by some bacteria and yield different metabolic intermediates which could nonetheless become available to other slow aromatic hydrocarbon degraders (EsteveNúñez, Caballero and Ramos 2001; Chien et al. 2014) . In the present study, we demonstrated that Citrobacter sp. YC4 could rapidly transform TNT and the degradation products displayed significantly reduced cytotoxic potential by WST-1 assay. The fact that Citrobacter sp. YC4 has the capability of converting TNT into possibly less toxic products proposed bioremediation potential prospects. The diverse metabolic nature of TNT by a variety of microorganisms residing in different environments makes it difficult to understand the influence of TNT on the environment. The fate of TNT in the environment after transformation by various indigenous microorganisms and the ecotoxicological effects should be emphasized and studied in the future.
